ABSTRACT: The effect of prepubertal feed level on growth and reproductive development of gilts was investigated. At 13 wk of age, white crossbred gilts were penned individually and assigned to the following treatments: Ad lib, ad libitum intake from 13 to 25 wk of age ( n = 64); Control, ad libitum intake from 13 wk of age until 100 kg BW and then 90% of ad libitum intake until 25 wk of age ( n = 65); and Restricted, 74% of ad libitum intake from 13 wk to 25 wk of age ( n = 64). Feed was formulated to primarily restrict energy intake. The study was replicated in two seasons. At 25 wk of age, gilts were moved to group pens, approximately 16 gilts/pen, allowed ad libitum access to feed, and estrus detection was initiated. Gilts were mated at first estrus and those recycling were remated. After mating, gilts were moved to gestation stalls and fed 1.5× maintenance. At 30 d of gestation, reproductive tracts were harvested, and numbers of corpora lutea (CL) and live embryos were recorded.
Introduction
Growth and development of females that exhibit puberty and conceive at an early age and continue to conceive and produce an acceptable number of healthy, marketable offspring per mating over multiple parities is one of the objectives of livestock production. Adequate nutrition during growth is required for proper development of reproductive females. Current recommendations for developing gilts may result in overfeeding, which may limit physiological development. Developing dairy heifers fed for higher rates of gain have compromised performance as mature lactating cows (Sejrsen et al., 1982) , and ad libitum feeding of pullets reduces the number and hatchability of the eggs produced (Whitehead, 1988) .
Little success has been achieved in identification of static measures with strong relationships to onset of puberty (Rozeboom et al., 1995; Whittemore, 1996) . Rozeboom et al. (1995) suggest that puberty "may be a response to a specific metabolic state." This "specific metabolic state" may be reflected in dynamic changes in body growth and composition, organ growth and function, metabolites, and response to and clearance of metabolic and reproductive hormones. These dynamic changes may be indicative of the stage of pubertal development. Animals that are gaining more rapidly due to increased feed intake have greater weights of internal organs as a proportion of body weight, greater rates of metabolism, higher circulating concentrations of IGF-I, and reach puberty earlier (Herrmann et al., 1979; Koong et al., 1982; Wester, 1994) . Induction of f Quantity of ingredient per kg of premix: Vitamin A, 2,200,000 I.U.; Vitamin D 3 440,000 I.U.; Vitamin E, 17,600 I.U.; Vitamin K, 2,200 mg; niacin, 22,000 mg; d-pantothenic acid, 12,100 mg; riboflavin, 4,400 mg; Vitamin B 12 , 22 mg.
g Quantity of ingredient per kg of premix: Vitamin A, 3,300,000 I.U.; Vitamin D 3 , 440,000 I.U.; Vitamin E, 22,000 I.U.; Vitamin K, 2, 200 mg; niacin, 11, 000 mg; 12, 100 mg; riboflavin, 3, 740 mg; Vitamin B 12 , 22 mg; 165 such dynamic changes in peripubertal animals may result in production advantages. Therefore, the objective of the present study was to quantify the effect of different feed levels during the prepubertal growth and development period on reproductive development of gilts.
Materials and Methods
Crossbred white (American Landrace × Yorkshire) gilts born in two farrowing seasons were used in the study. Selected litters contained at least three healthy gilts exhibiting normal growth rates. Average birth dates were July 18 (SD = 4.00 d, n = 96) and January 19 (SD = 4.23 d, n = 97). Gilts for the study were selected at approximately 12 wk of age, stratified by litter, age, and weight and assigned to one of three treatments: 1 ) Ad lib, ad libitum access to feed from 13 to 25 wk of age ( n = 64); 2 ) Control, gilts fed as recommended (Reese et al., 1995) ; ad libitum access to feed from 13 wk of age until 100 kg BW then restricted to 90% of the quantity of feed consumed by the Ad lib (body weight basis) group until 25 wk of age ( n = 65); and 3 ) Restricted, 74% of the amount of feed consumed by the Ad lib (body weight basis) group from 13 to 25 wk of age ( n = 64). Gilts were 92.2 d of age (SD = 4.5) when treatments were initiated. Diets were formulated to meet National Research Council (NRC, 1988) recommendations for gilts (Table 1 ). The diets for the Restricted gilts from 13 wk of age until 80 kg BW were formulated so that the quantity of metabolizable energy offered was approximately 74% of that consumed by Ad lib gilts, on a body weight basis, without a reduction in available protein, vitamins, or minerals. After 80 kg BW and 25 wk of age, Restricted gilts were offered the feed fed to the Ad lib and Control gilts at 74% of the quantity of feed consumed by the Ad lib gilts. During development, all gilts were in individual pens (1.2 × 1.2 m ) in a temperature-controlled building (approximately 21°C ) with free access to water. Gilts that did not have ad libitum access to feed were fed once daily. At 2-wk intervals during the development period, gilts were weighed, backfat thickness was determined ultrasonically (Lean-Meater, Renco Corp., Minneapolis, MN; Klindt et al., 1995) , and feed intake was recorded. Backfat thickness was determined ultrasonically approximately 5 to 8 cm off the midline at the first rib, last rib, and last lumbar vertebrae, and these three measures were averaged to obtain average backfat thickness. The quantity of feed offered gilts subjected to feed restriction (Restricted gilts and Control gilts weighing more than 100 kg) was adjusted the day after each weighing. Feed data presented are as-fed. All animal procedures were reviewed and approved by the U.S. Meat Animal Research Center Animal Care and Use Committee.
At an average age of 25 wk, gilts were transported to a breeding facility, placed in group pens (3.66 × 6.71 m), and offered feed for ad libitum consumption. These pens are subsequently referred to as breeding pens. Gilts were penned by weight within treatment group. Initially, there were 16 gilts per breeding pen. Gilts were fed on the floor in the first replicate. In order to more easily insure ad libitum feed availability, gilts were fed with self-feeders during the second replicate. The quantity of feed offered and number of gilts present in each pen were recorded daily. In the breeding facility, gilts were weighed, and backfat thickness was determined by ultrasound weekly. Mated gilts were weighed, and backfat was determined at the first weigh day after each mating.
In the breeding facility, morning estrus checks were made using fence-line boar exposure, visual appraisal, and back pressure. Gilts were mated by natural service the afternoon after detected in estrus and again the following morning. After mating, gilts were moved to gestation stalls where they were fed 158 kcal ME/kg BW .75 (Jindal et al., 1996) . Gilts that returned to estrus were mated again, as described previously. Reproductive tracts were harvested from gilts that were 30 d (28 to 32 d ) pregnant, had exhibited four estrous periods, or had not exhibited an estrus after 77 d in the breeding facility. Reproductive tracts were dissected, and the number of live embryos in each uterine horn was recorded. Reproductive tracts of nonpregnant gilts were examined for abnormalities. Number of corpora lutea ( CL) on each ovary was recorded. Gilts that had been removed from the study were assigned zero for number of CL and number of embryos.
Statistical analyses of the results were performed using SAS Statistical Analysis Packages (1989) . For analysis of most variables, all gilts assigned to the study were included. Gilts were deleted from the analyses only when so stated in the results. The models included effects of season or replicate, and litter within season. Nonorthogonal contrasts were used to compare means; Ad lib vs Control, Restricted vs Control, and Ad lib vs Restricted. Average daily gain and average daily change in backfat thickness during the development period were determined by linear regression. Average daily gain and average daily change in backfat thickness during breeding was calculated as the difference in body weight or average backfat thickness between start of breeding and first estrus, divided by days from start of breeding to first estrus. Rate of attainment of puberty and pregnancy were calculated from parameters of hyperbolic-sigmoidal curves that were calculated for a model bound by 0 and 100 using reduced sums of squares with the Marquardt method (SAS, 1989; Freetly and Cundiff, 1997) .
Results
The feed consumed and rates of body weight gain during the development period are presented in Table  2 . During the developmental period, Restricted gilts consumed 24% less feed than Control gilts, and Ad lib gilts consumed 3% more feed than Control gilts. After Control gilts attained 100 kg BW, they were fed 90% of that consumed by Ad lib gilts. Four of 65 Control gilts did not attain 100 kg BW during the development period. Those that attained 100 kg BW did so between d 56 and 77 of the development period. Thus, the period of feed restriction for Control gilts was about 2.3 wk and, consequently, the quantity of feed consumed was similar to that of Ad lib gilts. The analyses included the effect of farrowing season the gilts were born, July vs January. Effect of season influenced feed consumed during the development period (255 vs 210 kg, P < .01), but did not influence ( P > .10) other variables of interest. There were no significant effects of the interaction of season and treatment. Data are presented by treatment.
During the first week of the breeding period, average feed consumption within pens by prepubertal Restricted gilts (2.36 kg) was greater ( P < .01) than that of prepubertal Control (1.72 kg) or Ad lib (1.72 kg) gilts. Figure 1 presents average daily feed intakes, body weight gains, and backfat changes from the start of the breeding period to first detected estrus in the individual gilts during the breeding period. Lines represent the fitted second order polynomial equation. Even though the considerable variation within each treatment group precludes strong inferences, some general suggestions may be made. The mean ADG and Daily feed consumption by mated Restricted gilts, which weighed less at mating, was less ( P < .01) than that by mated Ad lib or Control gilts (Table 3) . However, total gestational feed intake was not influenced by treatment ( P > .21) due to differences in pregnancy success at first mating, and thus, number of days in gestation stalls. The percentage of the gilts that became pregnant at the first estrus was 93 for Ad lib, 88.5 for Control, and 85.7 for Restricted groups. Nevertheless, total quantity of feed consumed by the Restricted gilts from 13 wk of age until 30 d of gestation was 16% ( P < .01) less than that consumed by Control gilts and 19% ( P < .01) less than that consumed by Ad lib gilts (Table 3) . Even though average number of live embryos at 30 d of gestation for all gilts assigned to the study was not influenced ( P > .35) by developmental treatment, these differences in feed consumption resulted in greater ( P < .01) efficiency of live embryo production (live embryos at 30 d of gestation/total feed consumed during development, breeding, and gestation) in the Restricted group (Table 4) .
Fifteen percent of the gilts assigned to the study did not become pregnant for a variety of reasons (Table  5) . During the 77-d breeding season, more than 93% of the gilts exhibited estrus and more than 85% became pregnant. Average age at first estrus was not effected by developmental feed level (Table 4 ). The time of first detected estrus is considered to be the pubertal estrus. It is unlikely that the gilts would have exhibited a pubertal estrus and been cycling prior to initiation of boar exposure at 175 d of age (R. K. Christenson, personal communication). Even though average age at puberty was not affected by treatment, treatment did affect the rate at which puberty was attained. From the parameters of the hyperbolic-sigmoidal curves, time to puberty for a given percentage of the gilts and percentage pubertal on a given day could be calculated. Ad lib gilts tended to attain puberty earliest, Control gilts latest, and Restricted gilts intermediate; percentage pubertal by 28 d was 75 for Ad lib, 65 for Control, and 67 for Restricted gilts. Also, average age at pregnancy was not affected by feed level during development (Table  4) . However, hyperbolic-sigmoidal curve analysis of the pregnancy data revealed that 75% of gilts were pregnant at d 36 for Ad lib, d 56 for Control, and d 45 for Restricted group. By d 42 of the breeding period, the percentage of the gilts pregnant was 80 for Ad lib, 63 for Control, and 72 for Restricted gilts.
Reproductive tracts were removed at approximately 30 d of gestation, and ovulation rate and embryo numbers were recorded for all bred gilts ( Table 4 ). Gilts that had been removed from the study were assigned zero for ovulation rate and embryo number. When the analysis included all gilts assigned to the study, ovulation rate was greater ( P < .03) in Ad lib than in Restricted gilts. However, when the analysis was restricted to only pregnant gilts, ovulation rate was greater ( P < .04) in Control than Restricted gilts. Ovulation rate, number of live embryos, and embryo survival were not influenced ( P > .28) by number of estruses prior to when conception occurred. However, in Ad lib and Restricted gilts an effect of flushing on ovulation rate was evident. Ovulation rate (CL/ pregnant gilt) was increased ( P < .05) from 13.8 for Period 1 to 15.5 for Period 3 in Ad lib gilts. In Restricted gilts, ovulation rate increased ( P < .01) from 12.3 CL/gilt in Period 1 to 14.7 CL/gilt in Period 3. This flushing effect on ovulation rate was not evident ( P < .93) in number of live embryos in Ad lib gilts, but it was evident ( P < .01) in Restricted gilts. Among the gilts that became pregnant in Period 3, Restricted gilts had a greater ( P < .01) number of live embryos than the Ad lib gilts. Too few gilts became pregnant during Period 2 to allow any inferences to be made. Over the total breeding period the ovulation rate during the estrus when pregnancy occurred was less ( P < .04) in Restricted gilts than in Control or Ad lib gilts (Table 4) . However, embryo survival was least in Ad lib gilts and similar in Control and Restricted gilts, resulting in a similar number of live embryos per pregnant gilt ( X = 10.3) in the three treatment groups (Table 5 ).
Discussion
Previously, much of the research has focused on maximizing output (e.g., number of offspring and weight of product marketed). However, maximal efficiency occurs when the various inputs and outputs are at an optimal combination. In the present research, feeding regimens during the growth and development period of gilts did not affect reproductive development and productivity through 30 d of gestation. In contrast, Stadler et al. (1998) showed increased probability of farrowing, but not litter size, in gilts fed restricted quantities of a high energy-high protein diet from 82 kg BW to 180 d of age as compared to gilts with ad libitum access to either the high energy-high protein diet or a high energy-low protein diet.
The treatments imposed herein were similar to the treatments imposed on pigs by Herrmann et al. (1979) and Koong et al. (1982) . Herrmann et al. (1979) found that the percentage of pubertal gilts was greatest and the age at puberty was least in gilts that were restricted to 88% of the energy required for normal growth of developing gilts, and then switched to a high, 112% of normal, energy intake as compared to gilts fed a high level then the moderate level of energy or gilts fed "normally" throughout. Koong et al. (1982) assigned barrows to three treatments, high gain followed by low gain, moderate gain throughout, and low gain followed by high gain. At 70 d, all barrows weighed the same, but fasting heat production and weights of the portal-drained viscera and liver, as a proportion of body weight, were greatest in the low-high group. Even though these visceral organs represent only 7% of the body weight, they account for 40 to 50% of total oxygen consumption (Yen, 1997) , and thus, changes in weights of these organs, which may have negligible effects on body weight, can result in significant changes in fasting heat production. Wester (1994) observed a 50% increase in liver weight in lambs during the first 2 d of repletion following dietary energy restriction. Accompanying this dramatic response in liver was a 100% increase in circulating concentrations of IGF-I during the first 14 d of repletion. Induction of these responses near the start of the breeding period could increase in reproductive efficiency.
Gilts that had been allowed to consume greater quantities of feed during the developmental period had lower ADG during the breeding period than did gilts that were restricted during the development period. These reduced rates of gain of body weight and backfat in Ad lib and Control gilts are reflections of reduced feed intake during the early portion of the breeding period. An explanation for this reduced feed intake during the early part of the breeding period in Ad lib and Control gilts may be the stress of competition for space and feed in the group pens. In contrast, Restricted gilts that were fed lesser quantities of feed during development consumed more feed than Ad lib and Control gilts. This greater feed consumption by Restricted gilts was particularly evident in the early portion of the breeding period. The moderate feed restriction imposed on the Restricted gilts during the developmental period reduced the suppression of feed intake that occurred during the early part of the breeding period. Recently, Hyun et al. (1998) reported that mixing of pigs altered feeding behavior. Feeding behavior of the gilts was not evaluated in the current study.
Mean ages at puberty and successful mating were not influenced by developmental treatment. However, the rates calculated from parameters of hyperbolicsigmoidal curves for attainment of puberty and occurrence of pregnancy did seem to be influenced by developmental treatment. Even though Ad lib gilts experienced the greatest reduction in feed intake when moved into the breeding facility, the added weight and fatness they carried into the breeding facility seemed to have a positive influence on rate of occurrence of first estrus. Ad lib gilts were 3.6 kg heavier ( P < .02) and had 1.0 mm more backfat thickness ( P < .10) than Control gilts at initiation of the breeding period. Even though these differences in body weight and backfat thickness between Ad lib and Control were small at the start of the breeding period, they exerted an effect on rate of pubertal development equal to that induced by the larger differences between Ad lib and Restricted gilts. Rate of occurrence of puberty in Restricted gilts may have been delayed, as compared to Ad lib gilts, by insufficient body weight and fatness. Different reasons for this reduction in rate of occurrence of puberty in gilts of different weights and fatnesses may be why it has been difficult to establish a relationship between body weight and(or) fatness and puberty in gilts over a range of body weights and fatness (Rozeboom, 1995; Whittemore, 1996) . Even though rate of pubertal development was similar between Control and Restricted gilts, rate of occurrence of pregnancy was greater in Restricted gilts than in Control gilts. Rate of occurrence of pregnancy was greatest in Ad lib gilts. This greater rate of occurrence of pregnancy in Ad lib gilts probably reflects their greater body weight and fatness at the start of the breeding period and the advantage they exhibited in occurrence of puberty. The difference in rate of establishment of pregnancy between Control and Restricted gilts may be due to the greater feed intake and resulting greater gains and greater metabolic rate in Restricted gilts during the early portion of the breeding period.
The increased growth rate exhibited by prepubertal Restricted gilts as compared to Ad lib or Control gilts compensated for any reduction in incidence of puberty that might have been caused by reduced body weight or backfat thickness at the start of the breeding period. In addition, the increased growth rate that occurred in Restricted gilts was accompanied by a flushing effect, which was evident in both ovulation rate and number of embryos at 30 d of gestation. Ovulation rate in gilts that became pregnant after d 14 of the breeding period was 20% ( P < .01) greater than the ovulation rate in gilts that became pregnant during the first 7 d of the breeding period. Live embryos per gilt increased 48% ( P < .01) during this time. Zimmerman et al. (1960) reported that the flushing effect on ovulation rate is present 9 d after initiation of repletion. Others have shown that flushing does not occur in gilts and sows provided with ad libitum or near ad libitum feed levels (Beltranena et al., 1991) . In Ad lib and Control gilts, there was no indication of a flushing effect in live embryo numbers. These gilts did not consume the increased quantities of feed required for exhibition of a flushing effect. Actually, they consumed less feed during the first week of the breeding period than they had consumed during the last 2 wk of the development period. In contrast, Restricted gilts consumed more feed during the first week of the breeding period than they had consumed during the last 2 wk of the development period. This increased feed intake by Restricted gilts induced physiological changes that resulted in increased growth rate during the early portion of the breeding period and the increase in ovulation rate and embryo numbers. A flushing effect on ovulation rate was evident in the Ad lib gilts, as well as in the Restricted gilts. The etiology of this effect on ovulation rate in Ad lib gilts was different than that in Restricted gilts. The Ad lib gilts entered the breeding facility at near maximal body weight and fatness and "voluntarily" reduced feed consumption. This acute reduction in feed consumption suppressed ovulation rate during the initial portion of the breeding period. When feed consumption returned to levels similar to the feed consumption exhibited during the last 2-wk period of the development period, ovulation rate increased. Failure for this increase in ovulation rate to be reflected in increased numbers of live embryos suggests that Ad lib gilts may have been overfed in the gestation stalls after mating, resulting in greater embryonal loss. The restricted quantity of feed offered after mating has been shown to be a level that would maintain embryo survival (Jindal et al., 1996) . However, Ad lib gilts were fatter than Restricted gilts. Whole-body heat production, and thus energy requirement, in pigs is related to lean body mass (Tess et al., 1984) . Additionally, Restricted gilts had greater feed consumption and accelerated rates of gain and, thus, had proportionally greater organ mass and maintenance energy requirement during the early portion of the breeding period as compared to Ad lib gilts (Koong et al., 1982) . Ad lib gilts likely had a lower maintenance energy requirement and heat production per unit body size than the Restricted gilts, and the quantity of feed offered after mating to the Ad lib gilts may have been in excess of that required for optimal embryo survival. Embryo survival was greater ( P < .01) in Restricted and Control gilts than in Ad lib gilts.
Herein, gilts were subjected to three feeding regimens during the developmental period followed by ad libitum feeding during the breeding period. The Restricted gilts consumed less feed through slaughter at 30 d of gestation, exhibited similar reproductive performance, and were more efficient producers of 30-d-old embryos. Even though these findings are important, ultimately, the effect of these developmental nutritional strategies on farrowing, litter and rebreeding performance, and subsequent effects on lifetime performance of the sow and her offspring over multiple parities must be determined.
Implications
Reduced feed intake during development combined with equal or better reproductive performance made moderately energy-restricted gilts more efficient producers of 30-d-old embryos. There was a 30% increase in live embryos per unit of feed consumed between 13 wk of age and 30 d of gestation as compared with Control gilts. The proper feeding strategy for gilts during development may increase the efficiency of pork production.
